58
In scaffold-based perfusion bioreactor culture, 3D cell growth and neotissue formation has been 59 observed to begin with 2D cell proliferation on the scaffold strut surface. Subsequently, cells 60 bridge scaffold struts and start growing towards the pore void followed by ECM deposition.
61
Eventually, 3D cell growth will result in scaffold void filling, something that has been studied 62 recently using computed tomography imaging techniques (Voronov, VanGordon et al. 2013 ; 
84
There have been few attempts to capture 3D neotissue growth on scaffolds, limited to gradually 
87
(similar to what we term neotissue in this study) whose growth was coupled to oxygen 88 concentration and shear stress (Nava, Raimondi et al. 2013) .
89
In addition to flow associated shear stress, neotissue growth kinetics have been also linked to the 
94
Building on our previous studies where we investigated the effect of local curvature on in vitro 95 3D growth ) and where we used the evolving neotissue growth in a 3D 96 scaffold to accurately determine the shear stress values in both the void space and the neotissue 97 during the bioreactor culture process (Guyot et al., 2015) , this study demonstrates the added value 98 of using also the shear stress as a parameter that influences the neotissue growth. Hereto this 
107

Methods
108
In this section, the model describing the neotissue growth, the calculation of the flow-induced 109 shear stresses and the influence of the latter on the former will be explained.
110
Neotissue growth via the level set method
111
The growth induced changes in the neotissue topology during the culture process can be seen as a 112 moving interface between two different domains (Sethian 1999) : in this study, one domain 113 represents the neotissue volume , and the other one is the void , separated by an interface
114
, with a normal (see Fig 1B) . The level set method (LMS) is a technique that has been 115 developed to deal with this kind of moving interfaces and it is used in the context of this study to 
The parameter was estimated using the random fibers theory approximation. In (Nabovati A.
151
2009), the authors provide an approximation of the permeability of a porous media made of a 152 random fiber web:
154
In this equation, represents the porosity of the media (neotissue, assumed to be equal to 90% in 155 this study, which is in the range of porosities of soft tissues and hydrogels) and corresponds to 156 a percolation threshold or a threshold porosity where flow is permitted (set to zero in this study).
Finally, represents the micro-pore size of the neotissue and was set to 50 µm, assuming the 158 pore size equal to half to one third of the size of a fully spread cell of the type used in this study 159 (Eyckmans, Lin et al. 2012 ).
160
In this study, we distinguished two different wall shear stresses acting on cells depending on their 161 location. The first one ( ) is the shear stress acting on the interface due to the different 162 flow profiles from either side and is calculated with the usual definition:
The second one ( ) is the shear stress acting within the neotissue, it is associated with the 
where is the local mean curvature (κ = ∇ • ) and the second row of equation (14) depicts that
193
there is no growth when the curvature is null or negative. The negative sign in equation (14) 194 comes from the fact that according to our definition of φ, the normal points toward neotissue,
195
so growth has to be towards the opposite of ∇ . The surface shear stress influence function
196
(unit less) was inspired by (Nava, Raimondi et al. 2013 ) (Fig 1D) and defined as a conditions regarding the total amount of neotissue that has been produced at different time points
247
( Fig 2 and Fig 3) . Indeed, under the high flow rate , the local shear stress acting on the neotissue 248 interface is higher than for the lowest flow rate, resulting in an acceleration of neotissue growth.
249
Although differences can be observed between the simulations and experiments, the simulations 250 are capable of capturing the experimentally observed differences between the two flow rates in 251 terms of volume filling (Fig 3B) . The model was also able to compute quantitative data (shown in 
255
The pressure drop (Fig 4A) across the scaffold varied from almost 4 Pa in the first days of culture
256
to 11 Pa at day 28 for the high flow rate Q1, while it ranged from 0.03 Pa to 0.08 Pa for the low 257 flow rate Q2 in an equivalent period of time. The surface shear stresses ( Fig 4B) and inside shear 258 stresses (Fig 4C) differed by a factor of 100 between the two different flow rates. For both flow 259 rates, the inner shear stress, the stress acting on cells embedded into the neotissue, can be around changes from when the scaffold is almost empty (Fig 5A) to where it is partially filled (Fig 5B) . 
269
Gradual scaffold pore closure can be observed. Scale bar represents 1 mm. 
336
Therefore the assumption that the whole cell population is exposed to the same level of dissolved 337 oxygen tension (atmospheric) seems to be justified. When other flow regimes and/or other cell 338 types will be studied, this assumption has to be re-evaluated. An additional assumption was the 
346
With the currently used measurement technique (NanoCT) the experimental value for the initial 347
filling cannot be obtained due to the absence of matrix produced by the cells immediately after
348
seeding. This parameter therefore merits further study in future work. Neotissue shrinkage/loss due to cell death was not incorporated in the presented model, however, there is a possibility that shows an increase in volume filling, similar to the experimental data (Fig 3B) . The discrepancy to the secretion of more ECM could also explain to a certain extent the differences in volume 397 filling patters between simulations and experiments.
398
In a very interesting recent study, neotissue was modeled in 3D by (Nava, Raimondi et al. 2013) 399 using the arbitrary Lagrangian-Eulerian (ALE) method to implement mesh movement. However,
400
the flow was only modeled in the void space, which is acceptable for the early growth phase, but
401
is not suitable to simulate complete filling of the scaffold. In this study, we employed the level set 
411
Numerical predictions obtained in this study (Fig 4 and Fig 5) culture time points these models seem to be insufficient.
429
Using the whole scaffold geometry it was also possible to determine changing pressure drop 279100. This work is part of Prometheus, the Leuven R&D division of Skeletal Tissue
480
Engineering.
